Age is a major risk factor for cardiovascular diseases. Currently, the non-autonomous 28 regulation of age-related cardiac dysfunction is poorly understood. In the present study, we 29 discover that age-dependent induction of cytokine unpaired 3 (Upd3) in Drosophila oenocytes
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GFP flies (Figure 3h ), suggesting the oenocyte-produced Upd3 indeed can be secreted into the 209 hemolymph. Interesting, free GFP proteins were also found in the hemolymph, which may be 210 due to a cleavage of the C-terminus of Upd3 occurring after its secretion (Figure 3h ).
211
Consistently, we found high levels of GFP signals in the heart tissue dissected from the flies 212 expressing Upd3-GFP under the oenocyte-specific driver (PromE-Gal4) (Figure 3i ). Together, 213 these data suggest that Upd3 produced from oenocytes is released into the hemolymph and 214 activate JAK-STAT in the heart to regulate cardiac function. Next, we asked how aging up-regulates Upd3 expression in oenocytes. In our previous 219 oenocyte translatomic analysis, we found that genes involved in oxidative phosphorylation and 220 peroxisome biogenesis are significantly down-regulated during aging, which is consistent with 221 elevated ROS levels in aged oenocytes 13 . It is known that mitochondria and peroxisome are 222 two major ROS contributors. We then investigated whether age-dependent down-regulation of 223 genes in mitochondrial respiratory chain complexes and peroxisome biogenesis contributes to 224 Upd3 over-production and oenocyte-heart communication. Interestingly, oenocyte-specific 225 knockdown of mitochondrial complex I core subunit ND75 and mitochondrial manganese 226 superoxide dismutase Sod2 35, 36 showed no effects on cardiac arrhythmia (Figure 4b ). The 227 knockdown efficiency of ND75 RNAi was verified by QRT-PCR ( Figure S4b ). On the other hand, 228 knockdown of the key factors involved in peroxisomal import process (Pex5, Pex1 and Pex14) 229 in oenocytes significantly induced cardiac arrhythmia (Figure 4b ). The knockdown efficiency of 230 Pex1 RNAi and Pex5 RNAi was verified by QRT-PCR ( Figure S4c-S4d ). Pex5 is the key import 231 factor that binds to cargo proteins containing peroxisomal targeting signal type 1 (PTS1) and 232 delivers them to peroxisomal matrix through Pex13/Pex14 docking complex and Pex1/Pex6 233 recycling complex 37, 38 (Figure 4a ). Interestingly, Pex5 itself is the major component of the 10 peroxisomal translocon (also known as importomer, or import pore), which interacts with Pex14 235 and translocates cargo proteins across peroxisomal membrane through an ATP-independent 236 process [39] [40] [41] . In addition, we noticed that not all peroxisome genes were involved in oenocyte-237 heart communication. Oenocyte-specific knockdown of Pex19, the key peroxisomal membrane 238 assembly factor, did not promote cardiac arrhythmia (Figures 4a-4b ).
239
Our previous oenocyte translatomic analysis found that many peroxisomal matrix 240 enzymes were significantly down-regulated during aging, such as peroxiredoxin-5 (Prx5, a 241 thioredoxin peroxidase regulating hydrogen peroxide levels), dihydroxyacetone phosphate 242 acyltransferase (Dhap-at, the key enzyme catalyzing the first step in the biosynthesis of ether 243 phospholipid, such as plasmalogens), and phosphomevalonate kinase (CG10268, the enzyme 244 involved in mevalonate pathway). Interestingly, knockdown of Prx5, but not Dhap-at and 245 CG10268, induced cardiac arrhythmia (Figure 4c ). Thus, these data suggest that peroxisome-246 mediated ROS homeostasis, rather than lipid metabolism, plays an important role in modulating 247 cardiac function.
248
We then asked whether impaired peroxisome import in oenocytes influences Upd3 249 expression. As expected, knockdown of Pex5 or Pex1 in oenocytes induced Upd3 mRNA levels 250 (Figure 4d) . Similarly, knockdown of peroxisomal antioxidant gene Cat significantly up-regulated 251 Upd3 transcription, whereas inhibition of mitochondrial complex I subunit ND75 did not altered 252 Upd3 expression ( Figure 4d ). Interestingly, the other two unpaired proteins Upd1 and Upd2 253 remained unchanged under Pex5 KD (Figure 4e ). Given that impaired peroxisome function 254 induces Upd3 expression in oenocytes, we speculate that Pex5 KD in oenocytes could remotely 255 regulate JAK-STAT activity in the heart. Indeed, we found that oenocyte-specific Pex5 KD 256 induced STAT expression and STAT nuclear localization in the heart (Figures 4f-4g ). Together, 257 we show that impaired peroxisomal import promotes Upd3 production in oenocytes and activate 258 cardiac JAK-STAT non-autonomously.
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Lastly, we characterized peroxisome morphology and distribution in various tissues of 260 adult female flies. Peroxisome is marked by PMP70, a peroxisomal membrane protein involved 261 in the transport of long-chain acyl-CoA across peroxisomal membrane 42 . We noticed that 262 peroxisome showed tissue-specific enrichment in adult Drosophila. The peroxisome abundance 263 was the lowest in the heart and highest in oenocytes, while the number of peroxisome in fat 264 body (adipose-like) and pericardial cells (podocyte-like) was in the middle range (Figures 4h-4i ).
265
High enrichment of peroxisome is a key feature of mammalian liver 14 . Interestingly, unlike 266 oenocyte-specific manipulation, knocking down Pex5 in fat body and midgut using S106 GS -Gal4 267 did not induce cardiac arrhythmia (Figure 4j ). These results suggest that oenocyte-specific 268 peroxisomal import contributes significantly to the over-production of pro-inflammatory cytokine 269 and non-autonomous regulation of cardiac function. Here, we refer to the cellular stress 270 responses (e.g., production of inflammatory cytokines) caused by impaired peroxisomal import 271 as peroxisomal import stress (PIS). Yorkie (Yki) 43 . Interestingly, we found that oenocyte-specific knockdown of Pex5 induced the 281 expression of Kay, but not Mad and Yki (Figure 5a ), suggesting Kay may be the transcription 282 factor regulating Upd3 expression upon PIS. Kay is the transcription factor downstream of JNK 283 signaling 44, 45 . We then asked whether PIS can also activate JNK signaling. Through 284 immunostaining, we found that Pex5 KD induced the phosphorylation of JNK in oenocytes 285 . We further confirmed the results by measuring the expression of Puckered 286 (Puc), the downstream target gene of Kay. Consistently, Puc expression was also induced by 287 oenocyte-specific Pex5 KD ( Figure 5d ). Interestingly, the activation of JNK pathway, indicated 288 by the up-regulation of Kay and Puc, was also observed in flies with oenocyte-specific Cat KD, 289 but not ND75 KD (Figure 5e ). This further suggests that peroxisome dysfunction plays a key 
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To determine whether Upd3 and JNK signaling are required for oenocyte PIS-induced 296 cardiac dysfunction, we analyzed the genetic interaction between Pex5 and Upd3 (or Pex5 and arrhythmia. Upd3 KD alone did not affect cardiac arrhythmicity (Figure 5h ). Thus, these data 300 confirm that Upd3 is the primary factor produced in response to oenocyte-specific PIS and JNK 301 activation to mediate oenocyte-heart communication.
302
Patients with Zellweger syndrome, due to the mutations in peroxins (e.g., Pex1 and 303 Pex5), often develop severe hepatic dysfunction and show elevated inflammation 16 . To test 304 whether peroxisomal dysfunction in patients with Zellweger syndrome also induces the 305 production of pro-inflammatory cytokines, we measured the expression of IL-6 and the 306 phosphorylation of JNK in PEX1-G843D-PTS1 cell line. This cell line is a human fibroblast cell 307 line that was isolated, transformed and immortalized from patients with PEX1-p.G843D allele.
308
Similar to Pex5 KD flies, PEX1-G843D-PTS1 cells showed significant induction of IL-6 309 transcripts ( Figure 5i ) and elevated phospho-JNK levels (Figures 5j-5k ). Together, our data 310 13 suggest an evolutionarily conserved mechanism for PIS-mediated induction of pro-inflammatory 311 cytokines and activation of JNK signaling.
313
Peroxisomal import function is significantly disrupted in aged oenocytes
314
Previous studies by us and others show that genes involved in peroxisomal import are 315 down-regulated during aging 13, 17 , suggesting an age-dependent impairment of peroxisomal 316 import function. To monitor peroxisomal import during oenocyte aging, we first performed 317 immunostaining using an anti-SKL antibody that recognizes peroxisomal matrix proteins 318 containing the peroxisome targeting sequence (PTS), a SKL tripeptide sequence. We found that 319 the number of SKL-positive punctae were significantly reduced in aged oenocytes, suggesting 320 that the import of endogenous peroxisomal matrix proteins was impaired at old age (Figures 6a-321 6b). However, the reduced anti-SKL immunostaining might be caused by the decreased 322 expression of the peroxisomal matrix proteins during aging 13, 17 . To address this confounding 323 effect, we directly examined peroxisomal import using a peroxisomal reporter in which YFP is 324 engineered with a C-terminal PTS sequence (YFP-PTS). We transiently induced YFP-PTS 325 reporter expression in young and aged oenocytes using PromE GS -Gal4 (with 1-day RU486 326 feeding). Consistent with the results from anti-SKL immunostaining, aged oenocytes showed 327 less YFP-PTS punctae, which indicates that fewer YFP-PTS proteins were imported into 328 peroxisomes in aged flies (Figures 6c-6e ).
329
To further confirm whether the YFP-PTS punctae are indeed localized with peroxisomes,
330
we performed co-localization analysis between YFP-PTS and peroxisome marker PMP70. We 331 found that the number of PMP70-positive peroxisomes did not change during oenocyte aging 332 (Figures 6c, 6f ). However, the co-localization of PMP70 and YFP-PTS was significant reduced 333 in aged oenocytes according to the line scan analysis ( Figure 6d ) and Pearson's correlation 334 calculation (Figure 6g ). Although the number of peroxisomes (PMP70-positive) did not change 335 during aging, there were higher number of peroxisomes that showed either none or reduced 336 14 YFP-PTS signals (Figures 6c-6d ). The peroxisomes with no PTS-positive matrix proteins are 337 known as "peroxisomal ghosts" (or non-functional peroxisomes), which is one of the cellular 338 hallmarks of Zellweger Syndrome 46, 47 . The decreased co-localization of PMP70 and YFP-PTS 339 was also observed in oenocyte-specific Pex5 KD flies (Figures 6c-6g ). Together, these results 340 suggest that peroxisomal import, but not peroxisomal biogenesis is impaired during oenocyte 
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Here our studies provide direct evidence linking oenocyte/liver dysfunction to cardiac 377 health. We also demonstrate that impaired peroxisomal import at old ages is the root causes of 
16
IL-6 is the most important pro-inflammatory cytokine that is associated with inflammaging 388 and age-related diseases 5 . The up-regulation of IL-6 is often seen upon tissue injury, such as 389 ischemia-reperfusion 50 . IL-6 is also found to be secreted as a myokine from skeletal muscle 390 during exercise 51 , which is thought to mediate the beneficial effects of exercise. However, the 391 studies using IL-6 knockout mouse models suggest that IL-6 is pathogenic and pro-inflammatory.
392
For example, IL-6-deficient mice show reduce expansion of CD4 + T cells and autoimmune control. Although it remains to be determined why Upd3 produced from different tissues exhibits 405 distinct roles, it will be interesting to test whether oenocyte-produced Upd3 can target tissues 406 beyond the heart (e.g., the central nervous system).
407
It is well-known that mitochondria play an important role in regulating chronic inflammation 408 (inflammaging) 5 . There is a strong interplay between mitochondria and peroxisomes in the 409 maintenance of intracellular redox homeostasis 58 . In fact, peroxisome deficiency can alter 410 mitochondrial morphology and respiration 59, 60 , and induce mitochondria-mediated cell death 61 .
411
However, the role of peroxisome in inflammaging still remains elusive. In the present study, we 412 discover that knockdown of peroxisomal import receptor Pex5 triggers a significant production of 413 pro-inflammatory cytokine Upd3 in a JNK-dependent manner. Although it remains to be solved 414 how impaired peroxisomal import activates JNK signaling pathway, it is clear that prolonged 415 production of Upd3 from oenocytes is detrimental to cardiac function under aging. Interestingly, 416 peroxisomal import stress (PIS) in both flies and human fibroblasts of Zellweger spectrum patients 417 activates JNK pathway and the production of IL-6-type cytokines. These findings suggest a 418 conserved cellular response to impaired peroxisomal import. Upd3/IL-6 might represent a group 419 of inflammatory factors (we name them as "peroxikines") that response specifically to peroxisome 420 import stress. These factors are essential in maintaining tissue homeostasis upon PIS, since we 421 can block the production of these factors to alleviate the detrimental effects of impaired 422 peroxisomal import. The expression of the peroxikinies can also serve as biomarkers for cellular 423 peroxisomal import stress and potentially inflammaging.
424
Age-related impairment of peroxisomal import has been previously reported in human 425 senescence cells and nematodes 17-19 , although the underlying mechanism is poorly understood.
426
One hypothesis is that Pex5 protein is extensively oxidized during aging, which leads to the 427 polyubiquitination and degradation of Pex5 (Ma et al., 2013) . In senescent human fibroblasts,
428
Pex5 is found to accumulate on the peroxisomal membrane (Legakis et al., 2002) , suggesting 429 that Pex5 recycling might be impaired during senescence. The dysregulation of Pex5 recycling 430 could be caused by either reduced activities of ubiquitin ligases (Pex2 and Pex12). Or it is due to 431 age-dependent decreases in ATP production, as Pex5 recycling is an ATP-dependent process 62 .
432
Finally, the impaired peroxisomal import could be simply due to the decreased expression of Pex5 433 at old ages, as we observe a two-fold reduction of actively translated Pex5 mRNA in aged 434 oenocytes 13 . Therefore, the amount of functional Pex5 are significantly reduced during normal 435 aging, which explains why over-expressing Pex5 can restore the import function and delay age-436 related pathologies. It should be noticed that excess expression of Pex5 can block the normal 437 import function 63 . We utilized a CRISPR/Cas9 activation system to achieve optimal expression 438 of endogenous Pex5, which has proven to be effective way to restore impaired peroxisomal import 439 function and attenuate aging-induced cardiac dysfunction. Thus, our genetic analysis of Pex5 440 establish peroxisomal import as a novel root cause of tissue aging.
441
Besides the regulation of redox homeostasis, peroxisome performs several other essential 442 functions, such as fatty acid beta-oxidation and ether phospholipid biosynthesis. Therefore, 443 besides redox imbalance, impaired peroxisomal import could also lead to the accumulation of 444 very long chain fatty acids and reduced production of anti-inflammatory lipids, such as 445 docosahexaenoic acids (DHA) 64 . DHA is known as the precursor of a group of anti-inflammatory 446 lipids, such as resolvins, maresins and protectins. Thus, the decreased of DHA production, due 447 to impaired peroxisomal import, can promote chronic inflammation in the liver and induce 448 cardiomyopathy at old ages.
449
In summary, our studies reveal that Drosophila oenocytes (hepatocyte-like tissue) play a 
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Detailed reagent information is provided in Supplemental Table S1 
474
Paraquat solution was air dried for 20 minutes at room temperature prior to use. Adult tissues (oenocyte, heart, gut, fat body, pericardial cells) were dissected according 517 to previously published protocols 68, 69 . For oenocyte dissection, we first removed fat body 518 through liposuction and then detached oenocytes from the cuticle using a small glass needle.
519
Tissue lysis, RNA extraction, and cDNA synthesis were performed using Cells-to-CT kit 520 (Thermo Scientific).
521
Quantitative RT-PCR (QRT-PCR) was performed with a Quantstudio 3 Real-Time PCR Supplemental Table S2 . 
536
Secondary antibodies were obtained from Jackson ImmunoResearch.
537
Adult tissues were dissected and fixed in 4% paraformaldehyde for 15 min at room 538 temperature. Tissues were washed with 1x PBS with 0.3% Triton X-100 (PBST) for three times 539 (~5 minutes each time), and blocked in PBST with 5% normal goat serum (NGS) for 30 minutes.
540
Tissues were then incubated overnight at 4 0 C with primary antibodies diluted in PBST, followed 541 by the incubation with secondary antibodies for two hours at room temperature. After wash, 542 22 tissues were mounted using ProLong Gold antifade reagent (Thermo Fisher Scientific) and 543 imaged with an epifluorescence-equipped BX51WI microscope (Olympus). Hoechst 33342 was 544 used for nuclear staining. 
553
Co-localization analysis was performed in Image J. Coloc 2 plugin function was used to 554 calculate Pearson's correlation (r). Line scan analysis in Figure 6 was performed by creating 555 composite images containing SKL and PMP70 immunostaining. We then drew a line crossing 556 three peroxisomes in a selected ROI, and intensity plots were generated using multi-channel 557 plot profile in the BAR package (https://imagej.net/BAR).
558
To identify peroxisomal ghost, images were processed, and thresholds were adjusted 559 following the procedures described above. Image segmentation was performed for each 
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Figure S3
PromE-Gal4>
Gal4 RNAi Figure S4 . RNAi knockdown verification by QRT-PCR for Upd3 (a) , ND75 (b), Pex1 (c), Pex5 (d) , Kay (e).
Oenocyte-specific GeneSwitch driver (PromE GS -Gal4) was used. RU: mifepristone (RU486). Data are represented as mean ± SEM. P values are calculated using unpaired t-test, ns: not significant. Supplemental Tables:   Table S1 : KEY RESOURCES 
